The ux of upward through-going muons of minimum (mean) threshold energy >1.6 (3.0) GeV is measured, based on a total of 372 events observed by the Kamiokande II+III detector during 2456 detector live d a ys. The observed muon ux was obs = ( 1 : 94 0:10(stat.) +0:07 0:06 (sys.)) 10 13 cm 2 s 1 sr 1 , which is compared to an expected value of theo = (2:46 0:54(theo:)) 10 13 cm 2 s 1 sr 1 . The observation is in agreement with the prediction within the errors. The zenith angle dependence of the observed upward through-going muons supports the previous indication of neutrino oscillations made by Kamiokande using sub-and multi-GeV atmospheric neutrino events.
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In 1988, the Kamiokande group observed a smaller ( + )/( e + e ) ratio than the expected value in sub-GeV fully-contained atmospheric neutrino events [?,?] Recently, a measurement of this ratio using multi-GeV atmospheric neutrino events was made by the Kamiokande experiment [ ? ]. The observed ( + )/( e + e ) ratio in this energy range was also signicantly smaller than expected and depended strongly on the zenith angle.
Having observed the discrepancy in both sub-and multi-GeV atmospheric neutrino events, the next logical step [?,?,?,?] is to investigate events that are produced by neutrinos of even higher energies. Energetic atmospheric or traveling through Earth interacts with rock l a y ers surrounding the detector and produce muons via chargedcurrent i n teractions. Though neutrino-induced downward-going muons hit the detector, these downward-going muons are dicult to dierentiate from cosmic-ray m uons. On the contrary, u p w ard-going muons are considered neutrinoinduced, since upward-going cosmic-ray m uons range out in Earth. Especially, those energetic enough to pass through the detector are dened as \upward through-going muons". The mean energy of the parent neutrino producing them is approximately 100 GeV. The experimental site is located 1000 m underground in the Kamioka mine, Gifu prefecture, Japan. The Kamiokande-II detector is a cylindrical water Cherenkov calorimeter. The inner detector is 14.4 m in diameter 13.1 m in height, which contains 2142 metric tons of puried water. A total of 948 20-inch-in-diameter photomultiplier tubes (PMTs) are mounted on the tank walls and covers 20% of the inner tank surface. The detector also has an optically isolated 4 solid-angle anticounter which is also a 1500-metric-ton water Cherenkov detector with 123 20-inch-in-diameter PMTs and is divided into top, barrel and bottom parts. The anticounter tags incoming and/or outgoing muons and to shield -rays and neutrons from the surrounding rock. Charge and relative timing information from each hit PMT is recorded for the event reconstruction. The triggering eciency for a muon having momenta more than 200 MeV/c is 100%. The events were recorded during these data-taking periods. In Kamiokande-III, when the following three requirements are satised, it is considered that a muon hits one of the As a result, the expected muon ux theo is calculated to be (2:460:54(theo:))10 13 cm 2 s 1 sr 1 (cos< 0.04), where the estimated theoretical uncertainties are described in Table ? ?. The dominant one originates from the absolute normalization uncertainty in the neutrino ux which is estimated to be approximately 2 0 % [ ? , ? , ? ] above several GeV.
Given the detector live time, T, the eective area for upward through-going muons, S(), and the detection eciency, "(), the upward through-going muon ux is calculated by the formula:
where sux 2 (3) represents Kamiokande-II (-III), the sux j stands for each e v ent n umber, 2(1 0:04) is the total solid angle covered by the detector for upward through-going muons, N corresponds to the total number of observed muon events (372 events). The angular dependence of the detection eciency for each experimental period is found in [?] and [?], respectively. Conceivable experimental systematic errors are summarized in Table ? ?.
Taking these experimental systematic errors into account, the observed upward through-going muon ux is: obs = ( 1 : 94 0:10(stat.) +0:07 0:06 (sys.)) 10 13 cm 2 s 1 sr 1 :
At present, three experiments other than Kamiokande reported the measurement of the upward through-going muon ux and their results are summarized in Table ? ?, together with this measurement. The observed ux by each experiment is in agreement with the expectation within the errors.
The zenith angle distribution of the observed ux (d=d) i obs is shown in Fig. ? ?. The shape of the distribution is not well represented by the theory ( 2 /degrees of freedom = 21.3/9.) A neutrino oscillation hypothesis is then tested using the zenith angle distribution. The expected ux for a given set of m 2 and sin 2 2 is calculated and the same binning is applied as data.
To test the validity of the oscillation hypothesis, a 2 is calculated as Table ? ? added in quadrature, we estimate sys;i to be 18.5 % for 0.1<cos< 0.04 and 1.2 to 3.8 % for 1 cos 0:1, respectively.
Although the nature of the uncertainty i n is unknown, it is presumed that obeys a Gaussian distribution with one standard deviation error . The absolute ux normalization error is estimated to be 22 % by adding in quadrature the correlated experimental errors and theoretical uncertainties in Table ? ?. Then, the minimium 2 ( 2 min ) on the m 2 sin 2 2 plane is searched for.
We note here that the allowed region given by Kamiokande sub-and multi-GeV contained event analysis [?] for e $ oscillations has been already excluded by the CHOOZ experiment [ ? ], suggesting $ oscillations for the contained and upward-going muon events. Assuming $ oscillations, 2 min (= 12:2) occurs in the unphysical region at (sin 2 2;m 2 ) = ( 1 : 35; 2:010 3 eV 2 ) and =1.02. On the other hand, if we bound the oscillation parameters in the physical region, 2 min (=12.8) takes place at (sin 2 2;m 2 ) = ( 1 : 00; 3:2 10 3 eV 2 ) and =1.00. For the null oscillation case, we obtain 2 min of 21.3 at =0.77 (probability of statistical uctuation: 1%). The zenith angle distribution of (d=d) i osc for the best t parameters in the physical region is shown in Fig. ? ? together with the data. Figure ? ? shows the allowed region contours on the (sin 2 2;m 2 ) plane for $ oscillations. As 2 min for $ oscillations falls down in the unphysical region, the contours are drawn according to the prescription for Fig. ? ?. Consequently, w e nd that the zenith angle dependence is in favor of the $ oscillation hypothesis and supports the Kamiokande sub-and multi-GeV contained event analysis [?] .
Combining this work with the previous analysis [?] of the Kamiokande sub-and multi-GeV contained events, we draw an allowed region contour on the (sin 2 2;m 2 ) plane, as is shown in Fig. ? ?. The best t point (sin 2 2;m 2 ) = (0:95; 1:3 10 2 eV 2 ) is obtained for $ oscillations.
In conclusion, based on 372 upward through-going muon events during 2456 detector live d a ys, the ux of the upward through-going muons (>1.6 GeV) produced by atmospheric muon neutrinos in the rock l a y ers surrounding the detector is measured with the Kamiokande II+III detector: obs = ( 1 : 94 0:10(stat.) +0:07 0:06 (sys.)) 10 13 cm 2 s 1 sr 1 . This is compared with the expected ux calculation of theo = ( 2 : 46 0:54(theo:)) 10 13 cm 2 s 1 sr 1 . The observed upward through-going muon ux is in agreement with the expected ux within the relatively large uncertainties in the theoretical calculations. We nd that the zenith angle dependence of the upward through-going muons does not agree with the theoretical expectation (probability of statistical uctuation: 1%), yet is favored by the $ oscillation assumption. This result supports the indication of neutrino oscillations given by the analysis of the suband multi-GeV atmospheric neutrino events by Kamiokande. We gratefully acknowledge the cooperation of the Kamioka Mining and Smelting Company. This work was supported by the Japanese Ministry of Education, Science, Sports and Culture. 
